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ABSTRACT 

The ob jec t i ve  of t h i s  program i s  to  inves t iga te  the e lect rochemist ry  of 

dense gaseous so lut ions.  

of i t s  l o w  c r i t i c a l  temperature and pressure and because i t  can be stud ied 

i n  g lass c e l l s  since, u n l i k e  water, i t  does not  d isso lve  g lass under super- 

c r i t i c a l  condi t ions.  

Ammonia has been chosen as the  solvent because 

P r i o r  t o  the  l a s t  Quarter, g lass c e l l s  were developed fo r  the study of 

dense gaseous e l e c t r o l y t i c  so lu t ions a t  pressures of one hundred atmo- 

spheres. These c e l l s  were constrained from rup tu r ing  by use of excess 

ex terna l  pressure to  compress the glass. In the ensuing experimental studies, 

t w o  p r i n c i p a l  d i f f i c u l t i e s  were encountered, mechanical ruptures o f  the 

Pyrex c e l l s  and electrochemical f a i l u res ;  i.e., incept ion  of i n s t a b i l i t y  

of  the emf's or abrupt open c i r c u i t i n g .  

a t  90°C, a t  leas t  45' below the c r i t i c a l  temperatures of t h e  amnoniacal 

e l e c t r o l y t i c  so lu t ions.  

The l a t t e r  became espec ia l l y  severe 

I n  the  past quarter, causes of  the f a i l u r e s  were i s o l a t e d  i n  an extensive 

se r ies  of studies. The c e l l s  and operat ional  procedures were then modif ied 

t o  minimize the e f f e c t s  of these causes. It was es tab l i shed t h a t  bubbles 

c o n s t i t u t e  a p r i n c i p a l  source of  the electrochemical  f a i l u r e s ,  To reduce 

the  tendency t o  form bubbles, techniques were developed to prepare c e l l s  

w i t h  a low l eve l  of v o l a t i l i z a b l e  impur i t ies .  The c e l l s  and the  var ious 

chemicals a re  baked out  under vacuum and the chemicals a re  then t rans fer red  

i n t o  the c e l l  under vacuum condi t ions.  Th is  approach has enabled us to  

extend the operat ing temperature of  the electrochemical  c e l l s  to  I55 C, 

where the  e l e c t r o l y t i c  so lu t ions  are in  the  superc r i t i ca l ,  dense-gaseous 

s tate.  The leve l  o f  t races of water i n  these c e l l s  i s  very low, lower even 

than t h a t  achievable by ord inary  bakeout under vacuum. The only  impur i t i es  

present I n  appreciable q u a n t i t i e s  may be sodium amide and hydrogen. 

0 
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In this series of cells, the remaining problem is that the scatter in the 

data has been too large. Emf's and conductivities were measured over the 

whole temperature range. Above room temperature, the emf's increase roughly 

linearly with temperature, i.e., E/T is approximately temperature independent, 
in accordance with the expected behavior. 

electrolytic solution is a little above room temperature. 
The conductlvity maximum of the 

I n  the next quarter, we plan to isolate the causes of the scatter in the 

experimental data. We shall try to determine whether the scatter in the data 
is due to bubble formation at the amalgam-electrolytic solution interface. 

The mechanical strength of quartz ce l l s  will be compared with that of Pyrex, 

to see whether use of quartz i s  warranted. 

Then, we plan to start producing definitive emf, conductivity, and chrono- 

potentiometric data on a series of sodium-amalgam concentration cells over 

most of the liquid range and into the dense gaseous range of the electrolytic 
solutions. 
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1. EXPERIMENTAL TECHNIQUES 

I n  the preceding quarter, two problems i n t e r f e r e d  w i t h  experimental 

progress; mechanical f a i l u r e s  o f  the glass c e l l s  and electrochemical 

f a i l u r e s .  The i n i t i a l  e f f o r t s  t h i s  quarter were on the  i s o l a t i o n  and 

removal of these d i f f i c u l t i e s .  

i n  order to  study the problems r e l a t i n g  to  the mechanical f a i l u r e s  

o f  the glass ce l l s ,  dumny pyrex c e l l s ,  w i t h  no i n t e r n a l  g lass s t ruc-  

t u res  o r  e lect rode seals, were made. A number of  these dummies, instead 

o f  the more expensive complete ce l l s ,  were tested t o  dest ruct ion.  

These studies showed t h a t  crack ing o f  pyrex c e l l s  m u I d  occur f r e -  

quent ly i f  f i l l i n g  arms are used since these must be sealed o f f .  

The choice thus becomes one of us ing c e l l s  wi thout f i l l i n g  arms or 
of using quartz ( s e c t i o n  1 . I ) .  

A ser ies o f  experiments was ca r r i ed  out  t o  i s o l a t e  the causes o f  the 

electrochemical f a i l u r e .  From these i t  was found t h a t  the p r i n c i p a l  

source o f  f a i l u r e  was associated w i t h  the  presence o f  bubbles. 

tendency f o r  format ion of these bubbles i s  probably increased when 

there are v o l a t i l i z a b l e  impur i t ies  or temperature gradients i n  the 

c e l l  ( sec t i on  1.2). 

The 

Modi f icat ions o f  the e l e c t r i c a l  lead through system a r e  described in 
sect ion 1.3. Also, our revised setup, which enables us t o  f i l l  more 

than one c e l l  a t  a time, i s  shown i n  f i g u r e  5. 

I. 
I 
1 

-3 - 



I 
I '  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 

1.1 STUDIES OF CELL HOCKUPS TO REDUCE MECHANICAL FAILURES 

i n  our pyrex ce l l s ,  mechanical f a i l u r e s  have occurred a t  t he  seal-  

o f f  o f  the s ide arms used f o r  prepar ing the amalgam electrodes. 

I n  these cells, the sea l -o f f  could not be annealed p roper l y  wi thout 

heat ing the amalgam o r  the adjacent r ing-seals.  

adequate annealing, the glass showed a sharp s t r a i n  l i n e  near the 

seal -o f f  when examined w i t h  po la r i zed  l i g h t .  When mechanical f a i l u r e  

occurred, i t  was general ly i n  t h i s  region. 

In the absence of 

There are two d i f f e r e n t  types o f  seals used i n  these c e l l s :  

seal -o f f  o f  the s ide arms, through which the amalgams and packing 

were introduced, e i t h e r  n a i r  or i n  vacuo, and (2)  the f i n a l  seal-  

o f f  above the freeze cup which severs the c e l l  from t h e  vacuum system. 

It was noted t h a t  the l a  t e r  seal apparently never fa i l ed ,  whereas 

almost a l l  f a i l u r e s  were a t  the s ide arm seals. Th i s  was i n  good 

p a r t  due t o  the  f a c t  that  t he  s ide arm seals had t o  be made close 
t o  a r i n g  seal and amalgam and the re fo re  the annealing i n  t h i s  reg ion 

could not be done as thoroughly as needed. 

( 1 )  t he  

I n  order t o  ob ta in  more data on t h i s  problem, dummy pyrex c e l l s  

were made and t h e i r  mechanical behavior evaluated i n  the  bomb a t  

elevated temperatures under external  pressure. I n  these studies, 

the glass continued t o  crack near the sea l -o f f  o f  the s ide arms. 

With the p a r t i c u l a r  design i n  use a t  the beginning of the quar ter  

( f i g u r e  I ) ,  i t  was not possible t o  anneal the seals adequately w i t h -  

out  overheating the neighboring regions. 

We t r i e d  a number of packings, such as wet asbestos, to p ro tec t  the 

glass i n  the reg ion of seal-off, hoping thereby to be able t o  anneal 

more thoroughly. We d i d  not ob ta in  s a t i s f a c t o r y  r e s u l t s .  The 



f a i l u r e  pressures for t e s t s  w i t h  s i x  mockups of  the c e l l s  i n  use 

a t  the end of the preceding quarter a re  shown i n  tab le  1. 

Sext ( f i g u r e  2), we moved the  seal -o f f  reg ion away from the 

amalgam and r i n g  seal region. This  helped because i t  gave us 

more r o m  i n  which t o  flame anneal. 

because o f  our l i m i t e d  geometry ins ide  the bomb. Th is  reduced 

the sharp s t r a i n  l i n e  a t  the seal-of f ,  which had been the  major 
scarce o f  f a i l u r e .  The r e s u l t s  f o r  two mockup c e l l s  are given 

i n  tab le  2. There ES a tendency o f  these c e l l s  not to  f i t  i n  

the bom5. 

However, i t  caused t roub le  

We thcn t r i e d  a t h i r d  type o f  c e l l  ( f i g u r e  3) .  The idea here 

was t o  s inu l c te  the condi t ions under which the c e l l  t o  vacuum 

system severcnce sea l -o f f  was made, s ince t h i s  i s  the seal -of f  

t h a t  doesn’t f a i l .  Here we connected a tube t o  the  bottom of 

each e lect rode compartment and passed each o f  these four tubes 

t o  ‘:he res ion  below the c e l l .  

there would be room f o r  annealing i n  the  reg ion of each sea l -o f f .  

However, the long arms themselves were weak, so t h a t  t h i s  approach 

was not sa i i s fac to ry .  The r e s u l t s  of t e s t s  for th ree  mockups 

o f  t h i s  type o f  c e l l  are shown i n  tab le  3. 

The space was arrzjnged so t h a t  

‘,de would l i k e  t o  be able to  subject  the c e l l s  to compressive 

pi-eczbre d i f f e r e n t i a l s  o f  I50 atms, since t h i s  would simp1 i f y  

experimental procedures i n  the  actual  t es ts .  The pressures a t  

which f a i l u r e s  occur have been i r reproducib ie ;  t h i s  i s  i n  p a r t  

a t t r i b u t a b l e  to  the  nature of glass.  

A s  a consequence of these studies, we have redesigned our prep- 

a r a t i o n  system so that  we a re  now us ing c e l l s  without any s ide 
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arms. 

s ince i t  i s  general ly not necessary t o  anneal quartz.  

In  the  near future, we p lan t o  b u i l d  and t e s t  quartz c e l l s ,  

1.2 ELECTROCHEMICAL FAILURES OF THE CELL 

Our most d i s t u r b i n g  problem has been t h a t  the emf's of our c e l l s  

f requent ly  become unstable or the c e l l s  open c i r c u i t .  I n  par-  

t i c u l a r ,  these malfunctionings have occurred occasional ly  when 

the  heater i s  turned on and regu la r l y  when the temperature r i s e s  

t o  WoC. 
of  these electrochemical f a i l u r e s .  

We have considered the f o l l o w i n g  as poss ib le  sources 

1 .  Exposure o f  the tungsten leads t o  the  e l e c t r o l y t i c  s o l u t i o n  

above the  amalgam. 

2. The breaking apart o f  t he  amalgam-insoluble s a l t  i n te r face  

3.  Formation of  an i nsu la t i ng  c r u s t  on the surface of the a m  

by i nsol ub 1 e con tam i nan t s . 

4. Formation o f  bubbles on the surface o f  the amalgam and i n  the 

s o l u t i o n  i t s e l f .  

I t  w i l l  be seen i n  the f o l l o w i n g  sect ion t h a t  t he  p r i n c i p a l  source 

o f  f a i l u r e  i s  t h a t  of bubble formation, and t h a t  t h i s  i s  undoubt- 

ed l y  aggravated by the presence o f  ( v o l a t  i 1 i zab le)  impur i t ies .  

1.2.1 Tungsten Lead Problems 

We have found t h a t  when the tungsten leads, whether p l a t i n i z e d  

o r  not, are i n  d i r e c t  contact w i t h  the e l e c t r o l y t i c  solut ion,  

-6- 



i.e., a re  not completely immersed below the surface of t he  amalgam 

(co r rec t  pos i t i on ing  i s  shown i n  f i g u r e  6), the c e l l s  recover 

s lowly a f t e r  current  i s  drawn from them. We a l s o  have the  im-  

pression t h a t  there  i s  a small amount of i n s t a b i l i t y  of the  emf's 

associated w i t h  such exposure. 

trodes are used i n  aqueous solut ion,  contact  of the p la t inum 

w i t h  the  e l e c t r o l y t i c  so lu t i on  genera l ly  does not produce such 

e f fec ts .  I n  our case, i f  the hydrogen over-vol tage on tungsten 

o r  p l a t i n i z e d  tungsten i s  low i n  l i q u i d  ammonia, then the  fo l low-  

ing  may take place a t  the s ing le  electrode: 

In  contrast ,  when p lat inum elec-  

Ama 1 gam: 
4- - 

Na = Na + e 

Exposed Tungs ten: - - 
NH + e = NH2 + 1/2 H2 3 

The o v e r a l l  p a r a s i t i c  reac t ion  a t  t h i s  j u n c t i o n  i s  then 

Na (amalgam) + NH (NH ) = NaNH2(NH ) + 1/2 H2(W). 3 3  3 

Fluc tua t ions  i n  emf may take place as hydrogen bubbles break 

away from the tungsten surface, exposing the  surface t o  renewed 

electrochemical act ion.  When f resh ly  cleaned tungsten electrodes, 

Completely immersed i n  the amalgam, have been used, the  emf's 

have been i r r e g u l a r .  P l a t i n i z i n g  of the  e lect rodes improves 

the s t a b i l i t y .  We have measured the e l e c t r i c a l  res is tance o f  

tungsten, w i t h  and without p l a t i n i z a t i o n ,  t o  mercury ( o r  amalgam) 

c;nd have found the resistance to  be n e g l i g i b l e  i n  bo th  cases. 

The o r i g i n  of  t h i s  d i f ference i n  behavior between tungsten and 

p l a t i n i z e d  tungsten surfaces completely immersed i n  the  amalgam 

i s  not c lea r  t o  us. 
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I n  our e a r l  i e r  studies we los t  a few ce l  Is when the  welds (which 

can bz seen i n  f i gu re  6) between the stranded n i c k e l  wi res and 

thc tungsten lead-throughs opened up. The tungsten leads i n  

those c e l l s  were 0,030'' i n  diameter. T o  e l im ina te  t h i s  breakage, 

we modi f ied our c e l l s  so t h a t  we could use heavier tungsten leads 

o f  0.080ft diameter. Since t h a t  t ime, there  have been no f a i l u r e s  

from snapping o f f  the leads. I n t roduc t i on  o f  the heavier leads 

has given r i s e  t o  t w o  problems. It i s  more d i f f i c u l t  for the 

glass blower t o  place the exposed ends o f  the heavier tungsten 

so t h a t  they w i l l  be below the surface o f  the amalgam, and the 

heavier leads probably aggravate the tendency f o r  bubble forma- 

t i o n .  

I n  connection w i t h  the former, namely, the  l oca t i on  o f  the exposed 

p a r t  o f  the tungsten lead, we think t h a t  t h i s  f a c t o r  may be 

responsible f o r  some of  the sca t te r  in  our data i n  our current  

ser ies  of measurements. When we ran the experiments, we were 

Fr i rnsr i l y  concerned w i t h  e l i m i n a t i n g  the  open c i r c u i t i n g ,  and 

d i d  not concern ourselves w i t h  the more minor problems which w i l l  

r,ow be attacked. 

One way o f  reso lv ing  the problem would be t o  use more amalgam t o  

cover the  ends of the electrodes. Unfortunately,  we have found 

t h a t  when we use large amounts of  amalgam, the glass sometimes 

cracks dur ing the f reez ing or thawing o f  the amalgam. 

p l c n  t o  modify the glass s t ruc tu re  to  accomnodate the  electrode. 

Hence we 

I n  the c e l l s  now being fabr icated, we p lan  t o  evaluate the  d i f f e r -  

ence between plat inum and tungsten a s  fo l lows:  

tungsten w i l l  be welded t o  a short  leng th  o f  f i n e  p la t inum wire. 

The nonex glass bead w i l l  cover the tungsten and cont inue t o  the  

The end o f  the 

-8 - 
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end o f  the plat inum. 

wi re i s  exposed. Results w i t h  t h i s  w i l l  be compared w i t h  those 

obtained w i t h  tungsten and p l a t i n i z e d  tungsten leads. 

In t h i s  way only  the end o f  a f i n e  plat inum 

As mentioned above, the heavier leads may aggravate the tendency 

fo r  bubble formation. The leads a r e  welded to  heavy stranded 

n i c k e l  w i re  on the outside and d i p  i n t o  amalgam on the ins ide.  

The outs ide w i r e  i s  closer t o  the heat source than the glass, 

and a l s o  i s  a b e t t e r  heat conductor. When w r a i s e  the tempera- 

ture, the heat w i l l  be t ransmi t ted i n t o  the amalgam r e l a t i v e l y  

f a s t e r  than through the glass i n t o  the so lu t i on .  Hence, there 

i s  a tendency f o r  the amalgam a t  the ammonia i n te r face  t o  be 

h o t t e r  than the bu lk  of the ammoniacal s o l u t i o n  and therefore to 

produce bubbles. 

1.2.2 The Amalgam-Insoluble S a l t  I n te r face  

The electrodes used a t  the beginning o f  the quarter consisted 

of an amalgam w i t h  f i n e l y  ground insolub le s a l t s  on t h e i r  surfaces 

o r  a paste o f  the amalgam and s a l t .  

raised, these c e l l s  invar iab ly  f a i l e d  a t  or below 9OoC, e i t h e r  

becoming very unstable or  open c i r c u i t i n g .  The o r i g i n a l  emf was 

recovered within a day o r  two a f t e r  t he  temperature o f  the c e l l s  

was lowered. 

As the  temperature was 

One poss ib le  source o f  these i n s t a b i l i t i e s  was t h a t  the amalgam- 

inso lub le s a l t  in ter face was breaking apar t .  As the c r i t i c a l  

temperature of  the e l e c t r o l y t i c  s o l u t i o n  i s  approached, the l i q u i d  

may become very turbulent i f  there are even small temperature 

gradients i n  the c e l l .  Such vigorous turbulence could blow the 

inso lub le s a l t  o f f  the surface o f  the amalgam. I n  some experiments 



we packed glass woo1 t i g h t l y  above the  sal ts,  i n  o the rs  WB used 

no glass -1 .  We found no marked d i f f e rence  between these tw 

sets o f  condi t ions.  

Hore than one elect rode has o f t e n  f a i l e d  simultaneously. It i s  
u n l i k e l y  t h a t  the cause o f  simultaneous f a i l u r e s  can be the forma- 

t ion of oxide c rus ts  on amalgam surfaces or the  breaking apart  o f  

the j u n c t i o n  between amalgam and insolub le s a l t .  A s  an example, 

i n  one c e l l  w i t h  three 'good'' and one open electrode, the three 

good electrodes f a i l e d  simultaneously almost imnediately a f t e r  

the heat was turned on to  r a i s e  the temperature i ns ide  the bomb. 

The reason i t  took place simultaneously a t  t h i s  t ime may be because 

when heat ing current  i s  turned on the metal leads p i c k  up heat 

r a p i d l y  and transmit  i t  t o  the electrode. Th is  overheat ing a t  

the c lec t rode -so lu t i on  i n te r face  may tend t o  produce bubbles. 

We next prepared an amalgam concentrat ion c e l l  which uses on ly  

so lub le sal ts,  to see whether the i n s t a b i l i t i e s  pe rs i s ted  i n  the  

absence o f  an inso lub le salt-amalgam in te r face .  

With our f i r s t  sodium amalgam concentrat ion c e l l  (No. 49) which 

used so lub le sodium iodide, we found we s t i l l  got the same charac- 

t e r i s t i c  i n s t a b i l i t i e s .  T h i s  c e l l  had cracked dur ing preparat ion 

and had been resealed and rebaked. Hence, there must have been 

a f a i r  amount of oxides present so t h a t  the c e l l  was contaminated. 

Since we observed the same problems w i t h  t h i s  c e l l  as i n  ones 

us ing inso lub le sal ts,  the basic d i f f i c u l t i e s  we have encountered 

a re  probably not due t o  break apart  o f  the amalgam-insoluble s a l t  
interface, but t o  e i t h e r  formation o f  an inso lub le i n s u l a t i n g  

c r u s t  on the surface of the amalgam o r  t o  bubbles. Therefore, 

-10- 
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we feel that at a later stage we can go back to the original 
electrochemical cells if we vary the method of preparation appro- 
pr iatel y . 

The behavior of cell No. 49 will now be discussed in more detail. 
On turning on the heaters, the cells open circuited. 
was cooled and opened. We observed bubbles visually. The bubbles 
disappeared on standing, and the cell became functional again. 
The erratic behavior of this cell is shown by the emf between 
the top and bottom electrodes. The day after the cell had been 
prepared, the emf a t  room temperature was 168.8 mi 1 1  ivolts, the 
emf being steady within? 0.2 millivolts over a period of 45 
minutes. 
fluctuated between 4 0  and 670 millivolts. 
was opened and bubbles were observed visually in the connecting 
arms. After the bubbles were eliminated, the emf returned to 
170 millivolts. 

The bomb 

After turning on the heaters, the values of the emf's 
At this time the bomb 

1.2.3 Insulating Crusts, Contaminants and Bubbles 

At this stage we had fairly convincingly pinned down the principal 
difficulty as being due to the presence of contaminants or to 
bubbles. Therefore, for the next experiments, whose data will be 

discussed in section 2, we set up a sodium amalgam concentration 
cell without side arms, in whi:ch the cell itself was baked under 
vacuum. Triply distilled mercury was placed in the cell. Then 
the cell was sealed onto the system. The cell with mercury, the 
soluble salt in a separate chamber above the cell, and triply 
distilled sodium encapsulated with a break seal, were all baked 
out at 400 C under vacuum, and a1 1 except the sodium were pumped 
continuously . 

0 

After cool ing, prepur i f ied ammonia was condensed 
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i n t o  the  storege vessel conta in ing m e t a l l i c  sodium for fu r the r  

d ry ing  ( f i g u r e  5 ) .  
d i s t i l l e d  onto the wal ls.  A m n i a  was then condensed i n  the 

freeze cups, d i sso l v ing  the sodium and the sa l t ,  and run i n t o  the 

c e l l .  Then w i t h  the c e l l  a t  d ry  ice-alcohol  temperatures, l i q u i d  

n i t rogen was poured i n t o  the f reeze cup, t he  system above the 

freeze cup evacuated, and the  c e l l  scaled o f f .  It took about a 

day a t  O°C f o r  the co lor  of sodium i n  s o l u t i o n  i n  the a m n i a  t o  

disappear. 

as evidenced by the  emf o f  the electrodes and by chemical analyses 

of the amalgams. 

Then the break seal was opened and the  sodium 

Some sodium dissolved i n  the  mercury t o  form an amalgam, 

Some o f  the sodium may also have reacted with t he  a m n i a  t o  f o r m  

sodium amide p l u s  hydrogen. I n  a f u t u r e  run, wc p lan  t o  leave 

the cell connected to the vacuum system u n t i l  a l l  the sodium d i s -  

appears, then pump o f f  the  hydrogen before seal-of f ,  s ince hydrogen 

might be a nuc lea t ing  agent for the  bubbles. 

These new c e l l s  a re  undoubtedly the  dryest  electrochemical  c e l l s  

ever prepared. 

been baked out under vacuum, but a f t e r  the c e l l  has been prepared, 

most of the wa l l s  have been exposed to a sodium-ammonia so lu t i on  

for a day. The sodium-amnia so lu t i on  i s  e f f e c t i v e  i n  removing 

t races of sorbed water l e f t  on glass surfaces dur ing bakeout under 

vacuum. 

Not only have the glass and var ious chemicals 

With these new ce l l s ,  i n  which the  leve l  of  contaminat ion i s  

extremely low, the only major impur i t i es  present are sodium amide 

and hydrogen. I f  the sodium amide concentrat ion i s  low, so t h a t  

i t  r e m i n s  i n  solut ion,  i t  w i l l  not a f f e c t  the behavior of the 

-12- 



c e l l .  Using these ce l ls ,  we have successful ly extended the measure- 

ments o f  emf and conduct iv i ty  t o  1 5 5 O C .  

the data. We t h i n k  there may be two sources f o r  these i n s t a b i l i t i e s  

which are probably removable, and a t h i r d  t h a t  may not be removable. 

( 1 )  
lead to  i n s t a b i l i t i e s ,  and w i l l  be e l iminated i n  our next runs. 

(2)  Possibly the p r inc ipa l  source o f  i n s t a b i l i t y  i s  the presence 

f n s t a b i l i t i e s  remain i n  

The exposure of the tungsten electrodes to  the s o l u t i o n  may 

o f  hydrogen produced by 

and a m n i a  i n  the f i r s t  

runs. ( 3 )  I f  hydrogen 

the nonelectrochemical s 

he reac t i on  between the dissolved sodium 

day. This w i l l  be removed i n  our next 

s being produced throughout the run by 

de reac t i on  o f  sodium amalgam w i t h  a m n i a ,  

t h i s  source of contaminants i s  not removable, except by chang 

the e lect rode system i t s e l f ,  o r  the solvent.  

We i n t e r p r e t  the source o f  our d i f f i c u l t i e s  as fol lows: bobb 

are being formed i n  our so lu t i ons  because o f  a number of circum- 

stances t h a t  usual ly  do not bother the electrochemist .  

are operat ing under the  vapor pressure o f  solvent, so t h a t  we do 

not have a gas a t  atmospheric pressure reducing the tendency of 

bubble formation. (2)  Our leads, and therefore our amalgams, are 

warming up fas te r  than t h e  e l e c t r o l y t i c  s o l u t i o n  so t h a t  a t  the 

i n te r face  between amalgam and s o l u t i o n  the vapor pressure o f  a m n i a  

i s  higher than i n  the bulk o f  the  so lu t i on .  The tendency to form 

bubbles may be greater a t  a f o r e i g n  surface than i n  a homogeneous 

medium. ( 3 )  I f  hydrogen i s  present, i t  may help form bubbles by 

a c t i n g  as a nuc leat ing agent f o r  t he  bubbles. 

( I )  We 

There i s  a vast amount of p e r t i n e n t  

bubble formation. For example, i n  d 

r e l a t e d  phenomena have been observed 

i t e r a t u r e  on the  subject of 

s t i l l a t i o n ,  the f o l l o w i n g  

'When a l i q u i d  i s  b o i l i n g  

.-. -13- 
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I ,  - 
i r !  2 L L Z C L - ! ~ ,  2 1 : ~ ~  c : .  ~f iQpfi*AT a r z  evo!ved a t  d e f i n i t e  po in ts  

wherz sm? , ; r r' !:-'e c I ' . I- 3 ,  e i t h i r  evolved on f i r s t  heat ing the  

1 i q i j i d  cr  :.r:'-szrir,2 to tk ,?  zyrface of the vessel, are present. 

As hc i :  i . y  proce;...fs, t; 6 2 in ts  decrease i n  number and f i n a l l y  

d i  ZJPFC.-? i' , i 

w i t h  wate;-) wi th?-! t  !:?!1ijig t sk ing  place, u n t i l  f i n a l l y  a rush of 

vay- j r  ~cz!,?.;, *i~:.j: l y  ir: cne larc,e bubble f r o m  the bottom of the 

vessel, the t ~ - ~ ~ > i z t u r e  sinicing t o  the b o i l  ing-point. ': (Par t ingtone:  

Advanced T r e 2 t i r c  ,-? ?hyr.:cz?! Chemistry, Vol. I I ,  Wiley, 1951, 
p .  278.) 

.., . , 

0 -.--.> L.z ., ,d.d;.:turz thcn r i s e s  by several degress ( 13.8 

p,;;- C ' : - C f ' ;  r.. , ) I  ' *  ... - y ? ~ ' :  , ? t  z r : ~ :  i n  extending the working range 

of o"r c: : .  i r ;  '-.. ' - ,  6.;''~ / i r .  ' r ;  ' . I t ter ! 'y  re la ted  t o  the improved clean- 

ness o f  our zyc , te .n  i n  ?h:c I,.:? have fewer nuc lea t ing  agents and 

there.fct-3 le.:; t ~ - ~ : ~ z r I c y  -:>: bubble format ion. I t  should be possi - 
p:r? of t..- .:ell l o c a l l y  by a few degrees wi thout  

a i f  the r 3 y z : e ~  i s  s u f f i c i e n t l y  f r e e  o f  contaminants. 

-!hi5 m.-.y h 5  frcrn t l te fo1:owing quotat ion.  "S imi lar ly ,  i n  a 

tanc. ,  superheating a t  1 atm. pressure f rom 

the etc;ai! i b r i u i?  jc i l  i I . , ~  p o i n t  ' 3 6 O C )  t o  about 12OoC i s  poss ib le  

i f  the I ! r ;x i t i  i r -  ! ! iy i i :y puriTied. Conversely, one may r a i s e  the 

prest.lir;: CJL::T ; I  , p n t a r , e  h e a t  i h e  1 i q u i d  t o  any des i red  tempera- 

tu re  above t he  ne.r,>3! h i ?  Ing point ,  and then suddenly reduce the  

pressure k c k  -;o 1 t i t f i ,  i k z  t imz in te rva l  t h a t  elapses before 

b o i l i n g  cccui-s i .  related to the  p r o b a b ' l i t y  o f  spontaneous nuclea- 

t i o n  3 t  t h e  t e - y r a t u r e  concerned." (Davies and Rideal, l n t e r -  ., gc3- 
. -  f a c i a l  Phenoinena, Snii Ed. 1965, Academic Press., p. 394.) L\ 

in these experiments wi th  h igh l y  p u r i f i e d  systems, i n s t a b i l i t i e s  

have remained. These may not be a t t r i b u t e d  t o  inso lub le  i n s u l a t i n g  



1 

c rus ts  on the a m  

( i n c l u d i n g  sodium 

clude t h a t  the p r  

bubbles, and t h a t  

impur i t ies .  

Our conclusion as 

gams -- there j u s t  i s n ' t  enough fo re ign  mater ia l  

amide) t o  f o r m  such crusts .  Hence, we must cow 

ncipal  problem i s  tha t  o f  the  presence of  

the  tendency t o  form bubbles i s  increased by 

to the p r i n c i p a l  source of  the  open c i r c u i t i n g  

d i f f i c u l t y ,  namely, bubbles, a l s o  answers the  question as t o  why 

Yost  and co-workers d i d n ' t  repor t  such d i f f i c u l t i e s .  Since their 

c e l l s  were under an atmosphere of hydrogen, t h e i r  condi t ions were 

a re  under only less conducive to bubble format ion than ours, which 

the vapor pressures of the so lu t ions .  

We think t h a t  the bubbles may be form ng a t  t he  ama 

They probably need a nucleus or ca ta l ys  in te r face .  

gam-solution 

for t h e i r  

formation. Also, there may be a s l i g h t  excess vapor pressure 

e x i s t i n g  near the amalgam since the la rges t  temperature gradient 

i n  the system i s  probably a t  the amalgam-solution in te r face .  

Traces o f  hydrogen may be produced a t  the amalgam surface by the 

non-electrochemical react ion between the sodium-amalgam and ammonia. 

I f  the r a t e  o f  t h i s  react ion i s  small, then we may be able t o  

ob ta in  a s tab le  c e l l .  Based on our experience, we t h i n k  t h a t  

t h i s  i s  possible.  

We have found t h a t  when we p lace a load on some o f  the h a l f  c e l l s  

the  s t a b i l i t y  o f  a l l  the c e l l s  seems t o  decrease. I n  our ce l l s ,  

because o f  the  method o f  preparat ion a t  t he  moment, the  p r i n c i p a l  

impur i ty  i s  sodium amide and hydrogen. Even i f  we bypass the 

format ion of hydrogen dur ing the preparat ion of  the c e l l ,  we w i l l  

-15- 
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be producing i t  when we put power through the c e l l  o r  withdraw 

power from the c e l l .  

In  conclusion, we have d e f i n i t e l y  estab l ished t h a t  even w i t h  

h i g h l y  p u r i f i e d  ce l l s ,  electrochemical f a i l u r e s  can occur. Since 

we have excluded insoluble s a l t  i n te r faces  and inso lub le  crusts, 

the only  probable source o f  such f a i l u r e s  i s  c l e a r l y  bubble forma- 

t ion. 

1.3 BOHB HEAD 

The leads, which passed through a head from the ins ide  t o  the  

outs ide o f  the bomb, o r i g i n a l l y  consisted o f  coax ia l  wires f a b r i -  

cated t o  our speci f icat ions by a thermocouple manufacturing company. 

The ins ide  wires (0.015 inches i n  diameter) were so f i n e  t h a t  they 

broke frequent ly.  Another d i f f i c u l t y  was t h a t  when a sample would 

rupture i n  the bomb, the ceramic i n s u l a t i o n  would saturate w i t h  

a m n i a .  When t h i s  happened, the i n s u l a t i o n  resistance o f  the 

w i re  t o  ground could be reduced from 20 megohms t o  less than 8OOO 
ohms. Then, the  whole head had t o  be disassembled and new wires 

inser ted through a f i ve -w i re  conax f i t t i n g .  

A new head has been designed and b u i l t  t o  provide a more s a t i s -  

f ac to ry  system. i t  contains one thermocouple and four  t e f l o n  

coated copper wires of 0.062 inch diameter, each sealed w i t h  i t s  

own separate pressure f i t t i n g .  

out  d i s t u r b i n g  the  seals on the  other  wires. 

when t h e i r  resistance t o  ground drops below 20 megohms. 

diameters o f  the wires are now larger,  they are much eas ier  t o  

work w i t h  than those i n  the przvious model. The space between the  

t e f l o n  s leeving and the stranded wi re i s  f i l l e d  w i t h  a s i l i c o n  

Thus any w i re  can be replaced w i t h -  

Wires are replaced 

Since the  
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rubber compound under pressure so that  there i s  a neg l ig ib le  

pressure leak ra te  even a t  a pressure d i f f e r e n t i a l  of 200 atms. 

With te f lon  sleeving, there i s  no danger of the insulat ing mater ial  

becoming conductive when exposed t o  a m n i a .  
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2. EXPERIMENTAL STUDIES 

Our present techniques, which are based on the results of the preceding 
studies, have enabled us to extend the operating range of the electro- 
chemical cel Is by 65OC, into the supercri t ical, dense-gaseous region of 

the electrolytic solutions. 

2.1 BAKEABLE ELECTROCHEMICAL CELLS 

We are currently using a technique in which the cells and the chem- 

ical components are baked out under vacuum and then handled in 

vacuo i n  order to maintain a state of high purity and a minimum 

level of volatilizable contaminants. The first bakeable cell to 

be prepared and filled (figure 3) was cumbersome and fragile. 

was so designed that, after bake out under vacuum, triply-distilled 
mercury could be distilled into each of the four electrode compart- 
ments through separate filling arms, then triply-distilled sodium 

introduced similarly by distillation into the same filling arms. 

It 

In contrast to the complexity o f  this first cell, we are now using 

a cell without any side arms (figure 4). 
sodium amalgam concentration cell in which each amalgam has a 

different concentration of sodium. The electrolytic solution is 
sodium iodide in a m n i a .  In this cell the mercury is introduced 
in air before the cell is sealed onto the vacuum system. After 

seal ing on the cell and evacuation, the cell , mercury and salt 
are baked out under vacuum. The sodium i s  hermetically sealed 

in a capsule with break seal during bake-out. On cooling, the 

sodium is distilled into the system. The salt and sodium are then 

moved by washing them into the cell with liquid ammonia. 

the amalgams are formed by dissolution of the metallic sodium which 
is in solution in liquid amonia. The preparation system is shown 

in figure 5. 

Our present cell is a 

After t h i s ,  

1 0  -1u- 



2.2 EXPERIMENTAL DATA FOR SODIUM AMALGAM CONCENTRATION CELLS 

2.2.1 Ce l l  No. 49 

Ce l l  No. 49 ( f i g u r e  3) was the f i r s t  sodium concentrat ion c e l l  pre- 

pared. Th is  c e l l  design has since been abandoned because of i s 

f r a g i l i t y  and complexity o f  handling. 

t r i p l y  d i s t i l l e d  sodium were d i s t i l l e d  separately i n t o  each e lec t rode 

compartment. The c e l l  was acc identa l l y  broken dur ing the next opera- 

t i o n  i n  which the  c e l l  i s  f i l l e d  w i t h  ammonia. The amnonia was al lowed 

t o  evaporate slowly. 

glass blowing and sealed back onto the vacuum system. 

evacuated, baked a t  12OoC f o r  h a l f  an hour, al lowed t o  cool, then 

r e f i l l e d  w i t h  ammonia, and sealed o f f .  Subsequent emf measurements 

were e r r a t i c ,  poss ib ly  duc t o  ox ida t i on  o f  sodium when the contents 

of the c e l l  were exposed to  the atmosphere. Bubbl ing a t  the  e lec-  

trodes was p a r t i c u l a r l y  severe. 

o f  temperature are given i n  tab le  4. 
behavior i n  a contaminated c e l l .  I t  i s  c lea r  from these data t h a t  

electrochemical f a i l u r e s  can occur i n  the  absence of  inso lub le  s a l t s .  

The poor behavior o f  t h i s  c e l l  ind icates t h a t  contamination may be 

an important f ac to r  i n  such f a i l u r e s .  

T r i p l y  d i s t i l l e d  mercury and 

Then the c e l l  was repa i red  w i t h  a minimum of 

The c e l l  was 

The values o f  the emf as a func t i on  

These data show the  e r r a t i c  

2.2.2 Ce l l  No. 50 

A l l  c e l l s  a f t e r  No. 49 a r e  being made without f i l l i n g  arms ( f i g u r e  

4). The mercury i s  poured i n t o  p o s i t i o n  p r i o r  t o  sea l ing  the  c e l l  

onto the system. A f t e r  bake-out the sodium i s  d i s t i l l e d ,  then i t  

and the s a l t  a re  dissolved i n  l i q u i d  ammonia, and the r e s u l t i n g  

s o l u t i o n  al lowed t o  f l o w  down the c a p i l l a r y  i n t o  the c e l l .  Th is  

f i l l i n g  technique leads to  s i m i l a r  concentrat ions o f  sodium i n  the  

four e lect rode compartments, thus the emf's generated are small. 
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With the e a r l i e r  procedure o f  d i s t i l l i n g  i n  the sodium ( c e l l  49), 
emf's of  0.5 v o l t s  were obtained whereas w i t h  the present procedure, 

emls's range from 0.01 t o  0.2 vo l t s .  

C e l l  No. 50 broke i n  t h e  bomb p r i o r  to  measurement but  gave f a i r l y  

s tab le  readings u n t i l  the evaporat ion of the  a m n i a  proceeded too 

f a r .  Measurements were made on ly  below room temperature. The source 

o f  rupture i s  probably a new one which a r i ses  as fo l lows: 

i s  introduced i n  so lu t ion  i n  ammonia. Then the c e l l  i s  sealed o f f .  

i t  takes about a day a t  O°C before a l l  the b lue co lo r  disappears. 

During t h i s  time, some of the sodium d isso lves in  the mercury, forming 

the desired amalgam. I n  addi t ion,  the fo re ign  mater ia l ,  mercury o r  

amalgam, may catalyze the reac t ion  o f  some o f  the sodium w i t h  ammonia, 

sodium 

Na -I- NH = NaNH2 -+ 1/2 H2, 3 

which produces a gas, hydrogen. 

s u f f i c i e n t  extent, i t  may b u i l d  up s u f f i c i e n t  pressure to  crack the  

c e l l .  

I f  t h i s  reac t ion  takes p lace t o  a 

The emf's ( t a b l e  5)  are p l o t t e d  as a func t i on  o f  temperature i n  

f i g u r e  7. I n  contrast  t o  the curves f o r  the other  samples, the  

slope of the  curve i s  negative. 

t i o n  i n  one o f  the amalgams. The o v e r a l l  c e l l  reac t ion  i s  

Th is  may be due t o  a phase separa- 

I I I  

Na ( X 2  i n  Hg) = Na ( X 2  i n  Hg) 

' 
where ( X 2  

p r  imed ama 1 gam. 

i n  Hg) designates the  mole f r a c t i o n  o f  sodium i n  the  
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As long as no current  i s  drawn, then, the  emf i s  independent of the  

conduct iv i t y  o f  the e l e c t r o l y t i c  solut ion,  and there fore  o f  t he  

concentrat ion o f  sodium iodide. Th is  cond i t i on  p r e v a i l s  un t i l  so 

much ammonia evaporates that the e l e c t r o l y t i c  s o l u t i o n  res is tance 

becomes comparable w i t h  the input  impedance of  the  potentiometer. 

Then the  emf w i l l  s t a r t  dropping. Decreasing emf's were observed 

as the  c e l l  s ta r ted  to f a i l .  

The function, E/T ( i .e. , emf/temperature) should be approximately 

temperature independent over the  l i m i t e d  temperature range o f  t h i s  

experiment. Instead, i t  i s  decreasing w i t h  increasing temperature. 

Hence some other  process i s  occurr ing.  

phase separat ion i n  one o f  the amalgams. Then, instead of the  above 

process, the fo l l ow ing  may be occurr ing.  The fugac i ty  or a c t i v i t y  

o f  sodium i n  the more concentrated amalgam w i l l  be a func t i on  of 

temperature determined by the phase diagram. 

i n  the  o ther  amalgam i s  almost temperature independent. 

One such process may be a 

The a c t i v i t y  of  sodium 

I t  I 1  I 1  

where a2 i s  the  a c t i v i t y  , y2 the a c t i v i t y  c o e f f i c i e n t  and X 2  i s  

the mole f rac t i on .  r2 w i l l  vary s l i g h t l y  w i t h  temperature whereas 

X2 i s  temperature independent. 

I1 

II 

I n  contrast ,  i n  the  case o f  the phase separation, the composit ion 

of  each o f  the  phases, X2 , var ies  w i t h  temperature. Th is  may 

introduce a LYI term o f  opposite s ign  i n t o  the  process. 

I 

2.2.3 Cel l  No. 51 

The next c e l l ,  No. 51 ( tab le  6), gave s tab le  emf readings from -30 
t o  +20°C ( f i g u r e  8). Emf Is and conduct i v i  t i es  were then measured 
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a l t e r n a t e l y  from - b 0 C  t o  .-136Oc, the c r i t i c a l  region o f  the elec- 

t r o l y t i c  so lu t ion .  These emf's were less  s tab le and reproducible 

than the f i r s t  emf's i n  which no currents  were passed through the  

c e l l .  The emf's ( f i g u r e  g), increase approximately 1 inear ly  wi th  

temperature. 

sca t te r  too much t o  ascer ta in  any temperature dependence. 

The r a t i o s  o f  emf's t o  temperatures ( f i g u r e  IO), 

The s p e c i f i c  conduct iv i t y  versus temperature ( f i g u r e  1 1 )  i s  roughly 

parabol ic .  The conduct iv i t y  maximum occurs a t  a temperature o f  

about ~ o O C .  

When lowering the temperature rap id l y  there was a break i n  the data 

t h a t  pers is ted  f o r  q u i t e  a t ime. These data are ind icated by "X" 

and "d'. The data i n  the tab les  are recorded sequent ia l ly  in  t i m e  

so t h a t  when a bubble forms i t s  e f f e c t  can be seen on the  subse- 
quent consecutive measurements. In t h i s  case the  postu la ted bubble 
can be seen i n  the data as fo l lows:  Examination of the c u w e  shows 

t h a t  the emfls have dropped 3nd are  recover ing s lowly .  Simultaneously 

the res is tance o f  the c e l l  has increased, ;.e., the  conduct iv i t y  has 

decreased. It w i l l  be noted t h a t  i t  takes longer f o r  the  conduct iv i t y  

t o  recover than f o r  the emf. Th is  i s  not unreasonable s ince the 

emf measuring instruments can g ive cor rec t  readings i f  a ser ies  

res is tance i s  introduced; whereas, t h i s  ser ies  res is tance w i l l  show 

up i n  the conduct iv i t y  measurements. 

Above about l25OC the behavior of  the  conduc t i v i t i es  appears to 

change abrupt ly .  

behavior where the conduct iv i t ies  become almost temperature inde- 

pendent when the  c e l l  i s  f i l l e d  completely w i t h  a s ing le  f l u id .  

Under t h i s  condi t ion,  i.e., change i n  temperature a t  constant volume, 

the densi ty  i s  constant. 

Th is  i s  i n  f a i r l y  good accord w i t h  the  usual 
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The sample ruptured a few degrees above t he  c r i t i c a l  po in t  of pure 

ammonia because the i n i t i a l  f r a c t i o n a l  f i l l i n g  o f  the c e l l  was too 

great.  

placed on the  c e l l s  t o  guide the  i n i t i a l  f i l l i n g .  

As a consequence, ca l i b ra ted  f i d u c i a l  marks are now being 

2.2.3.1 Chemical Composition o f  the Amalgams in  C e l l  No. 51 

The amalgams of  the two emf measuring electrodes were analyzed. 

The amalgam i n  the upper electrode bas l a r g e l y  l o s t  when the c e l l  

ruptured. The analys is  of the  amalgam i n  the lower elecprode was 

as fo l lows: 

To ta l  weight of  amalgam 9.4889 9 

Mercury 9.4886 9 

Mole f r a c t i o n  of sodium 0.00027 

Sod i um 0.00030 g 

The chemical ana lys is  was c a r r i e d  out as f o l l o w s ,  

placed i n  an Erlenmeyer f l a s k  w i t h  1.0 m l  0.1268 N HCl  and 25 m l  o f  

water and s t i r r e d  w i t h  a te f lon-c lad  magnetic bar f o r  several hours. 

Back t i t r a t i o n  using phenophthalein ind ica tor  requi red 1.12 m l  

0.1017 N KOH solut ion,  or 0.0129 m l e s  o f  base, i.e., Na from the 

ama 1 gam. 

The amalgam was 

From the emf data, the concentrat ion of the upper e lect rode may be 

establ ished as fo l lows: For a concentrat ion c e l l ,  

II I 

ENF = - RT I n  (a2 /a2 ) .  

Assuming t h a t  the a c t i v i t y  c o e f f i c i e n t s  o f  sodium i n  the two amalgams 

are equal, the mole f r a c t i o n  o f  sodium in the upper emf amalgam i s  

0.00044. 
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2.3 SUIIMARY 

Although the  i n i t i 3 1  data are rough, several t e n t a t i v e  conclusions 

can be drawn. Before de ta i led  examination conclusions can be made; 

however, we must ob ta in  more re f i ned  data. The s tab i  1 i t y  of the  

c e l l s  genera l ly  has improved considerably over those of the  pre- 

ceding quar ter .  When we passed current  through the  c e l l s ,  the 

s t a b i l i t i e s  became poorer, and the data became more i r regu la r .  

Insofar as the  emf's are concerned, these behave approximately s a t i s -  

f a c t o r i l y .  The r a t i o  o f  emf  t o  absolute temperature should be almost 

temperature independent, which i t  i s .  I n  contrast ,  the s p e c i f i c  

conduc t i v i t i es  o f  the  so lu t ion  vary s t rong ly  w i t h  temperature. 

general shape o f  the conductivi ty-temperature curve i s  s i m i l a r  t o  

those i n  the l i t e r a t u r e .  

The 

Because o f  instrumental  in te rac t  ions, we have ordered an e l e c t r o n i c  

potentiometer Cal i b r a t  ions Standards, Model DC 1 IOB (Company pro- 

vided). Th is  instrument has an input impedance a t  n u l l  o f  1000 

megohms. 

ence (emf) e l e c t  rodes. 

I t w i l l  be used for measuring emf's across the two r e f e r -  

The recorder we have been using i s  a Bausch and Lomb VOM 5. It has 

an input  impedance of 10 megohms and requi res a source o f  less  than 

I50 kilo-ohms. We have observed t h a t  there appears t o  be a cross 

coupl ing between t h i s  and an e lec t ron i c  potentiometer across the  

reference electrodes. This w i l l  be checked when the new potent iometer 

i s  de l i vered  around Ju l y  28. 
instrument o f  s l i g h t l y  lesser accuracy, the C a l i b r a t i o n  Standards 

Model DC 1008. 

I n  the meantime, we have used a s i m i l a r  

I f  the  impedance o f  the recorder i s  too low for our system, or i f  

cross-coupl ing continues, there are two th ings  v e  can do. We can 
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buy a battery pack for the electronic potentiometer to reduce ground 
loops, or we can place a DC vacuum tube voltmeter into the circuit, 

and connect the recorder to an output plug on this instrument. 

So far there has been no new type o f  electrochemical behavior in 

our system. 
emf 's  for an amalgam concentration cell have been approximately those 
expected thermodynamically. Hence, chronopotentiometric data will 
be used to find differences in behavior between the liquid and gaseous 

electrolytic states. 

When a gaseous electrolyte has been used, the equilibrium 

nr ' L  J' 



3. PLANS FOR NEXT QUARTER 

The mechanical strength of qu rtz cell s wi 1 1  be 
with that of Pyrex. The scatter in the data has 

3luated and compared 

been large; therefore, 

we will examine the sources of the scatter to isolate and reduce them. 
We are also modifying our instrumental setup to reduce the cross-coupling 
of the various instruments. Then we expect to start producing definitive 

data of emf's and conductivities as well as chronopotentiometric data on 
sodium amalgam concentration cells. Chronopotentiometry will be used as 

a tool to examine differences i n  the behavior o f  the electrochemical 

processes at amalgam-liquid and amalgam-dense gaseous electrolytic 

solution interfaces. 

4. ERRATUM 

Substitute uranium glass (Corn 

this report. 

-26- 
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I 
TABLE 1. FAILURE PRESSURES FOR MOCK-UPS 

SHOWN IN FIGURE 1 

P ro tec t  ion of  Adjacent Region 
Duriaa Seal -o f f  of  Side Arms Sample 

1s Aluminum F o i l  

2s Wet Asbestos 

3s Wet Asbestos 

4s Wet Asbestos 

6s Aluminum F o i l  and Vet Asbestos 

0s None 

Fa i 1 u r e  
Pressure 

<240 atms 

290 
150 

(340) 258* 
(340) 40* 

00 

"Noise from bomb (assoc ia ted  w i t h  f a i t w e )  heard during re lease o f  
pressure a f t e r  reaching 340 atms. 

TABLE 2. FAILURE PRESSURES FOR MOCK-UPS 

SHOWN I N  FIGURE 2 

Sample 

I t  

2 t  

F a i l u r e  Pressure 

<310 

1 70-3k. 

TABLE 3 .  FAILURE PRESSURES FOR MOCK-UPS 

SHOWN I N  FIGURE 3 

Samp 1 e 
I t -  

2r  

3r 

F a i l u r e  Pressure 

30 
(150) 60* 
<340 

%ent up t o  150 atms. Sample broke on re leas ing  pressure.  
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TABLE 4. OATA FOR CELL NO. 49 

T€MPgRATURE EMF 
VOLTS - C 

-36-3 0.0530 
-21 .g 0.0442 

REHARKS 

- - - - - - - - - - - -  Passed current, e r r a t i c  readings. 
Bubble observed. 

-34.1 0.680 
- - - - - - - - - - - -  Passed current, again unstable. 

-13.5 0.302 

- 0.5 0.3601 
+74.3 0.170 Took up to temperature t o  s t a b i l i z e .  

Next Day - 
22 .o 0.1279 

- - - - - - - - - - - -  Passed current, e r r a t i c .  

22.0 0.410 

22 .O -0.07 Errat ic .  

40.3 0.4725 
65.2 0.345 

- - - - - - - - - - - -  Passed current, then allowed to s t a b i l i z e .  

56.5 0.450 
56.5 0.2570 
58.2 0 -449 
85 to 77 0.820 

80 0 -230 
68 0.8312 



I 
TABLE 5 .  DATA FOR CELL NO. 50 

TEMPERKTURE EMF, VOLTS REMARKS 

- - - - - - - - - - - -  Ce l l  broke i n  the  bomb 

19.9 0.01685 
20 .5  0.0 1 850* Current passed through working electr.ode 

20.7 0.01685 

-20 .o o .02580 

- 7.4 0.0 I 853 
- 1 . 8  0 .o I 786 

+ 0 . 2  0.0l-775 

-13.9 0.02004 

+ 1.0 0.0 1 5 1 4* 

+ 1 1 . 1  0 .O 1726' 
+14.0 0.015'(5* 

+16.9 0.0107 * Current passed through m r k i n g  electrodes 

Current drawn f r o m  reference electrodes 

+18. i -0.0820 M. 

+18.2 -0.08 

% 

A 

* 

+18.2 0.01 i o  

+ 2 k 8  -0 .O? 

'Poi n t s not p 1 o t t ed 

' A f t e r  t h i s  ( t h e  data are sequential i n  t ime), the emf's decreased 
i n  magnitude, then open c i r cu i ted .  T h i s  behavior i s  compatible w i t h  
increased resistance, then open-c i rcu i t ing due to  evaporat ion o f  
ammonia. 
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TEMPERATURE, 
OC 

-25.6 
-29 -3 
-29.1 

-24.2 
-23 .o 

-17.2 
-19.3 

-15.9 
-12.5 
-10.3 
- 7.1 
- 4.9 
- 2.5 
- 0.6 
+ 9.0 

+ 9.3 
+11.3 
+17.6 
-15.2 

-41.2 
-39.5 
-40.8 
-47 .o 

TABLE 6 - CELL NO. 51 

EMF, CONDUCTIVITY, 
VOLTS (OHM CH)" - 
.oi 171 
.01 I12 

.OlOg3 

.01084 

.01092 

.oi 150 

.OI 161 

.01120 

. O i  194 

.01194 

.01211 

.01210 

.01214 

.01216 

. 0 1222 

. 0 1 224 

.01248 

.01281 

.01125 

.00703' 

.00613' 

.00616' 

.00595' 

'Data plotted as "X'' on graphs 

I 

I 

I 

I 

t 

I 

I 

I 

9 

I 

I 

fn 
44 

i L 
3 
v) 
(II a 
S 
r 

> 
u 
0 
3 
U 
C 
0 
V 

0 
I 

I 

I 

I 

I 

I 

t 

I 

I 

I 

CI .- 
.- 

E/T, 
n I CROVOLTS/~K 

47.3 
45.6 
44 -8 
43.5 
43.6 
44.1 
44.9 
45.1 
45.8 
45.4 
45.5 
45.1 
44.8 
44.6 
43.3 
43.3 
43.9 
44 .O 

43.6 Very rapid 

30.3 
26.2' 
25 .6' 

X 27.2 

X cooling. 
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TEMPERATURE, 
OC ~ _ _  

-48.2 
-46.5 
-42.0 
-38.0 

-37 .O 

-34.8 
-33 - 2 
-32 .o 

-29.8 
-27 .o 
-26.8 

-23. I 

-21.7 
-20.6 

-19.6 
-18.3 
-17.0 
-15.9 
-15.1 
-14.2 
-36.7 

-31.1 

-24.6 

TABLE 6 - CELL NO. 51 

EMF 
VOLTS 

.00702* 

.007kh 1 ' 

.00883* 

.00939* 

.00943* 

.01042 

.01 loo 

.01122 

.01 log 

.oi 127 

.01122 

.01076 

*. Data p l o t t e d  as 'k'' on graphs 

-31 - 

CONDUCTlVITY, E/T, 
(0" c n p  MI CROVOLTWOK 

4.50*x 10-3 31.2" 

4.40* 32.8* 
4.38* 

4.41' 
37.5* 

4.35* 

4.40" 

4 . 4 7  

4.49* 

4.54* 

4.61* 

4.68% 

4.92* 

5 .oo* 

39. I" 

39 .o* 

42.3 

44.3 

44.6 

43.7 

44 .O 

43.5 

45.5 



TABLE 6 - CELL NO. 51 

TEMPSRATURE , 
C 

-35.8 
-28.3 
-26.3 
-25.2 

-23.9 
-23.2 

-21.9 

-19.9 
-19.0 

-18.5 

-16.9 
-16.3 
-15.3 
-1.3.3 
-12.4- 
- I  I .6 

-18.1 

-10.9 

-10.5 

-10.0 

- 8.7 
- 7.6 
-. 5.2 
+10.0 

12.0 

13.2 

16.0 
13.2 

EHF, 
VOLTS 

. o I 026 

.01053 

.O 1 048 

.01018 

. o I 026 

.OlO35 

. o I 046 

. o I 056 

.O 1 070 

.o 1 I 07 

. 0 1 084 

. o I 086 

.0109 

.OI 105 

.OI I 15 

.01153 

.OI  172 

.01 183 

CONDUCTIVITY, 
(OHM CH)” 

5.03 10-3 

E /T 
M I  CROVOLTS/’K 

41.9 
5.02 

42.5 
42.0 

5.01 

5.10 

5.14 

5.16 

5.22 

5.29 

5.43 

40.5 

40.5 

40.6 

40.8 

41 .O 

41.2 

42.5 

41.3 
41.3 
41.2 
41.6 
41.6 
40.7 

5.91 
40.9 
41.3 

5 -99 
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TEMPERATURE 
OC 

16.9 
17.5 
19.0 

19.9 
23.3 
36.1 
39.8 
45.2 
49 -0 

50 .o 
50.7 
53.4 
56.2 
58.3 
59.5 
60.3 
61 .a 
61.8 
62.5 
65 .o 
65.9 
66.9 
70.3 
73.6 
74.4 
75 -4  

TABLE 6 - C E L L  NO. 51 

EMF, 
VOLTS 

.oi 191 

. o I 207 

.0121; 

.o 1245 

.o I333 

. 0 1 400 

.O 1 429 

.O 1 424 

.01401 

.o I 381 5 

. o 1 324 

-01315 
* 0 1 354 
. 0 1 342 

.O 1321 

.01g11 

. o 1306 

.oi318 

CONDUCT I V l T Y  
(OHM CM)'~ 

6.03 10-3 

6.13 

6.24 

6.09 

5.81 

5.70 

5.54 

5 -41 

5.19 

-33 - 

E/i, 
Mi CP,OVOLTS/'i; 

41 . I  

41.5 

41 .5 
42 .O 

42.6 
4.4 .O 

44.4 

44 .O 
42.9 
h-1 .g 

40 -0 

39.3 
40.4 
40.0 

39 -0 

38.2 

37.6 
37.8 
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TEMPEWTURE 
C 

77 -3 
78.5 
80.3 
81.7 
83.1 
84.0 
84.6 
87 .o 
89.5 
90.3 
71.2 
75.7 
77.5 
81 .O 

83.3 
83.7 

87 .o 
87.6 
89.2 
90.8 
91.9 
92.3 
93.7 
95.5 
96.7 

0 

85.4 

TABLE 6 - CELL NO. 51 

EMF, 
VOLTS - 

. 0 1 324 

.01333 

.o I 338 

-01341 
,01355 

.013& 

.01244 

. 0 1 343 

.013495 

a01359 
. 0 1 364 
.Ol371 

.01389 

.(I1420 

-01417 

.01405 

CONDUCTIV ITY 
(OHM CM)-I 

4.98 10-3 

4.77 

4.66 

4.37 
4.20 

4.77 

E/T 

37.6 
37.7 

37*6 

37.5 
37.6 

37 -0 

36. I 

38.3 
38.1 

4.70 
38.1 
38.1 
38.1 

4.47 
38*3 
39 .o 

4.40 

3.90 

3.81 

38.8 

38.1 
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I 
I 
i 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
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TEMPERATURE 
C 

98.4 

99 -8 
110.8 
89.1 
89.1 

0 

1 0 0  

90.5 
92.3 
92.3 
97.5 
99 00 

100.5 

104.0 
106.1 
108.5 

112.8 

115.0 

118.0 

117.8 
119.2 

110.5 

114.7 

117.4 

118.4 

122.4 
124.0 

TABLE 6 - CELL NO. 51 

EMF, 
VOLTS 

.01401 

- 

.01416 

. o 1 476 

.o 1468 

. 0 1 483 

. 0 1 470 

.01471 

.01469 

.01482 

.(I1514 

.01550 

. o I 578 

.o 161 9 

.o I 628 

.01544 

CONDUCTIVITY 
(OHM C M ) - ~  

E /1 
MI  CROVGLTSPK 

37.7 
3.60 10-3 

38 .o 
38.6 
40.7 

3.85 

3.90 

3.62 

3.40 

3.11 

2.86 

2.38 

2.10 

1 .g1 

1.68 

-35 - 

43.0 

42.2 

39.7 

39.3 

39- 1 

39.5 

40.0 
40.7 

41.4 

41.6 

39 .o 



TEMPERATURE 
0, 

128.0 
129.9 
130 .O 
132 .O 
133.8 
133.8 
136 .o 

TABLE 6 - CELL NO. 51 

EHF, CONDUCTIVITY, E/T, 
VOLTS (OHM CM)-I M I  CROVOLTS/~K 

.01640 40 .g 
1.65 10-3 

i .50 
. o 1 650 40.9 

.O 1 727 42.4 

1.55 
.o 1775 43.4 
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.. 'igure 3 .  Cell with seal-off region 
reiocatea for  maximum 
access durina seal -off 

Fiducial Mark 

Fiducial Mark 

Figure 4. Present cells, without side 
ai-iiis, .vlilth f i d i i c i a :  marks 
for establishinq volumes 
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Amalgam - 

Electrolytic 
Solution 

Figure 6. Cell Electrode - Cross Section 
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